Transcription factors (TFs) control gene expression by interacting with cis-elements in target gene promoters. Transcription regulators (TRs) assist in controlling gene expression through interaction with TFs, chromatin remodeling, or other mechanisms. Both types of proteins thus constitute master controllers of dynamic transcriptional networks. To uncover such control elements in the photosynthetic green alga Chlamydomonas reinhardtii, we performed a comprehensive analysis of its genome sequence. In total, we identified 234 genes encoding 147 TFs and 87 TRs of $40 families. The set of putative TFs and TRs, including their transcript and protein sequences, domain architectures, and supporting information about putative orthologs, is available at http:/ /plntfdb.bio.uni-potsdam.de/v2.0/. Twelve of 34 plant-specific TF families were found in at least one algal species, indicating their early evolutionary origin. Twenty-two plant-specific TF families and one plant-specific TR family were not observed in algae, suggesting their specific association with developmental or physiological processes characteristic to multicellular plants. We also analyzed the occurrence of proteins that constitute the light-regulated transcriptional network in angiosperms and found putative algal orthologs for most of them. Our analysis provides a solid ground for future experimental studies aiming at deciphering the transcriptional regulatory networks in green algae.
T HE regulation of growth and development and the coordination of these processes in response to hormonal or environmental stimuli, including adverse conditions, requires a dynamic control of the expression of hundreds to thousands of genes in each organism (Lemon and Tjian 2000; Chen et al. 2002; Li et al. 2007) . Transcription factors (TFs) are master control proteins that regulate gene expression levels by binding to specific DNA sequences, so-called cis-acting elements, in the promoters of target genes, thereby enhancing or repressing their transcriptional rates. The genomewide identification of TF genes through computational methods, and genomewide comparative studies, are important tasks that not only provide an insight into existing TF families within individual species or organism lineages but also help to understand how evolution shaped developmental and physiological diversification. TFs, as well as other transcriptional regulators (TRs) that generally do not directly bind DNA but assist in gene expression regulation through interaction with cis-element-binding proteins, can be grouped into different protein families according to their primary and/or three-dimensional structure similarities in the DNA-binding and multimerization domains. TF genes represent a considerable fraction of the genomes of all eukaryotic organisms, including angiosperms (Riechmann et al. 2000; Goff et al. 2002) . In Oryza sativa (rice), for example, $2.6% of the identified genes encode TFs (Goff et al. 2002) . Currently, the genome sequences of four angiosperms (Arabidopsis thaliana, O. sativa, Populus trichocarpa, and Vitis vinifera) are in the public domain (Arabidopsis Genome Initiative 2000; Goff et al. 2002; Yu et al. 2002; Tuskan et al. 2006; Jaillon et al. 2007) . Additionally, the genomes of various algae, including the red alga Cyanidioschyzon merolae (Nozaki et al. 2007) , the green algae Ostreococcus tauri (Derelle et al. 2006) , Chlamydomonas reinhardtii (Merchant et al. 2007) , and the moss Physcomitrella patens (Rensing et al. 2008 ) have become available.
To facilitate the analysis of plant TFs and TRs, we have recently established the Plant Transcription Factor Database (PlnTFDB) (Riano-Pachon et al. 2007 ) and updated it by including additional plant species (available at http://plntfdb.bio.uni-potsdam.de/v2.0). Here we report about the occurrence of putative transcriptional regulators in Chlamydomonas. We identified 147 putative TFs that belong to 29 different protein families and 87 putative TRs that are members of 10 families. Of 34 plant-specific families, 3 (G 2 -like, PLATZ, RWP-RK) predate the split between green and red algae. Nine additional families, i.e., ABI3/VP1, AP2-EREBP, ARR-B, C2C2-CO-like, C2C2-Dof, PBF-2-like/Whirly, Pseudo ARR-B, SBP, and WRKY, predate the split between chlorophyta (green algae) and streptophyta (land plants and charophycean algae). In total, 12 families were identified from algal groups onward. Interestingly, 22 plant-specific TF families and one TR family are not present in algae, indicating their particular importance for plant multicellularity and tissue organization.
MATERIALS AND METHODS
Identification of transcription factors: Putative complete sets of transcription factors of the following species were retrieved from the Plant Transcription Factor Database v2.0, PlnTFDB (http:/ /plntfdb.bio.uni-potsdam. de/v2.0; RianoPachon et al. 2007) : the red alga C. merolae (Nozaki et al. 2007) , the green algae O. tauri (Derelle et al. 2006) and C. reinhardtii (Merchant et al. 2007) , the moss P. patens (Rensing et al. 2008) , and the angiosperms A. thaliana (Arabidopsis Genome Initiative 2000), P. trichocarpa (black cottonwood) (Tuskan et al. 2006) , and O. sativa (rice) (Goff et al. 2002) . PlnTFDB has two divisions: one providing information about transcription factors, defined as proteins that directly bind to DNA and affect the level of transcription (called TFs here), and the other providing information about transcriptional regulators that, for example, exert regulatory control through interaction with TFs or through chromatin remodeling (called TRs). Additionally, we identified TF and TR families common to all eukaryotes using the following model organisms: the protozoan Giardia lamblia (Best et al. 2004) , the yeast Saccharomyces cerevisiae (Goffeau et al. 1996) , the nematode Caenorhabditis elegans (C. elegans Sequencing Consortium 1998), the insect Drosophila melanogaster (Adams et al. 2000) , and Homo sapiens (International Human Genome Sequencing Consortium 2004) . For the identification of nonplant TFs, we used the procedure described by Riano-Pachon et al. (2007) , using PFAM (Finn et al. 2006) release 20.0 for domain identification. Sequences were downloaded from Integr8 (http:/ /www.ebi. ac.uk/integr8/; Kersey et al. 2005) , except for G. lamblia sequences, which were downloaded from GiardiaDB (http:/ / www.giardiadb.org).
Phylogenetic analysis: Protein sequences corresponding to the defining conserved domain of each TF and TR family were extracted from whole-protein sequences of the photosynthetic eukaryotes using the domain coordinates identified by the PFAM search described above. Alignment of protein sequences was performed employing ClustalX (Thompson et al. 1997) , using default parameters. Phylogenetic analyses based on amino acid sequences were conducted using MEGA v3.1 (Kumar et al. 2004) . Unrooted phylogenetic tree topologies were reconstructed by neighbor-joining (NJ), the distances were obtained using p-distances (Nei and Kumar 2000) , and the resampling of the original protein set was a 1000-bootstrap repetition. These NJ analyses provide an overview of the general patterns of TF and TR evolution. All sequences and alignments used in this study are available upon request.
Identification of orthologs among green plants: We identified orthologs through pairwise comparisons of protein sequences in whole-protein sets of the green plants Chlamydomonas, Ostreococcus, Physcomitrella, rice, Arabidopsis, and black cottonwood, using a variation of the best BLAST bidirectional hit approach implemented in the program InParanoid (Remm et al. 2001) . Orthologs identified in this way are presented in . Pairs of orthologs (and direct paralogs) allowed us to identify possible clusters of orthologs (and paralogs) comprising genes from more than two species. This was achieved using a graphtheoretic approach as follows: (i) only InParanoid clusters containing at least one protein annotated as a TF in PlnTFDB were kept; (ii) all proteins identified in this way were represented as nodes in a network of orthologous relationships; edges were drawn between nodes when the InParanoid confidence score for the orthologous relationship was $0.9; (iii) connected components were extracted from the network; by definition, a connected component is a subgraph in which every node can be reached from every other node. The connected components (subgraphs) represent putative clusters of orthologs. Network visualization and analysis were carried out using the software package Pajek (De Nooy et al. 2005) . The identification of orthologs through BLAST searches can lead to false positives; consequently, we made use of a phylogenetic approach to largely compensate for this fact. In addition to that, and affecting both approaches for ortholog detection (phylogenetics and InParanoid), false negatives can arise due to incomplete genome sequence information (gaps in the sequence) or misannotated genes.
As mentioned above, in addition to the BLAST approach, we performed phylogenetic analyses of each family, which allowed the identification of possible groups of orthologs (PoGOs). A PoGO is defined by the following criteria: (i) members of a PoGO have a monophyletic origin, indicated by a bootstrap support of .50%; (ii) a PoGO conserved in all green plants possesses at least one representative gene of each of the main lineages analyzed here, including algae, bryophytes, and angiosperms, assuming that the putative complete sets of TF genes of these organisms were identified and no selective gene loss had occurred; (iii) the inferred phylogeny is consistent with the known phylogeny of plant species (Vincentz et al. 2003) .
We evaluated the overlap between the clusters of orthologs identified by InParanoid and by phylogenetic analysis using the Adjusted Rand Index (Rand 1971; Hubert and Arabie 1985) , implemented in the statistical package R (R Development Core Team 2007).
RESULTS AND DISCUSSION

Transcription factors in eukaryotes:
We identified the putatively complete nonredundant sets of TFs and TRs in the algae Chlamydomonas and Ostreococcus, the moss Physcomitrella, and the angiosperms Arabidopsis, black cottonwood, and rice (Table 1 ). The genes were grouped into 66 gene families according to their characteristic conserved domains, as described by Riano-Pachon et al. (2007) . We identified the putatively complete sets of genes for the same families in G. lamblia (protozoa), S. cerevisiae (yeast), C. elegans (nematodes), D. melanogaster (fruit flies), and H. sapiens (humans). Twenty TF and 11 TR families were also present in nonphotosynthetic eukaryotes. In contrast to the previous report by Riechmann et al. (2000) , we observed that the Trihelix family is not restricted to the plant kingdom (Table 1) . G 2 -like and WRKY TFs are generally regarded as plant specific; our analysis largely confirms this view. However, we also identified genes encoding putative members of these families in the nonplant species G. lamblia, a protozoan that arose early in eukaryote evolution. In general, the number of TFs and TRs increases with the number of genes in the genome, following a power law as observed before (Van Nimwegen 2003) . TFs and TRs were found to be similarly abundant in algae and yeast; however, in these lineages they are considerably less frequent than in animals. Numbers of TFs and TRs in many cases were similar in mosses and animals, whereas gene numbers were often greater in angiosperms. In Chlamydomonas, we identified 147 putative TF and 87 putative TR coding sequences from 29 and 10 protein families, respectively, totaling 234 distinct proteins involved in the regulation of transcription (Table 1 ; protein sequences are available at http:/ /plntfdb.bio.uni-potsdam.de/v2.0/ index.php?sp_id¼CRE). A schematic of the transcriptional regulatory proteins identified in Chlamydomonas, including their defining domains, is given in supplemental Figure 1 . To date, however, the biological functions of only a small number of these proteins have been analyzed (supplemental Table 1 ). Chlamydomonas transcription factors: In animals, TFs of the C2H2 and HB families play important roles in growth-related and development processes (Wu 2002) and body-plan formation (Deutsch and Mouchel-Vielh 2003) . These two families are the largest in animals, with .100 members each in humans, Drosophila, and Caenorhabditis. In animals, HB TFs function as homeotic genes that control the formation and differentiation of different body parts (Garcia-Fernandez 2005; Negre and Ruiz 2007) . In contrast, in plants homeotic functions are carried out by TFs of the MADS-box family (Irish 2003) . Typically, angiosperms have $80-120 MADS-box proteins, whereas such TFs are largely absent from animals (,10).
Similarly, MADS-box TFs are present in only small numbers in Chlamydomonas (two genes) and in all other unicellular organisms. In contrast, in these organisms, members of the C2H2 family are slightly more abundant than members of the MADS-box family, with five, four, and seven genes, respectively, in the algae Chlamydomonas, Ostreococcus, and Cyanidioschyzon, and 39 members in Saccharomyces (Table 1) . C2H2 TFs contain a zinc-finger domain. The recruitment of this domain for transcriptional regulation occurred in prokaryotes, and members of the Ros family may have been the origin of C2H2 in eukaryotes (Bouhouche et al. 2000) . In general, TFs bearing a zinc-finger domain have significantly contributed to the evolution of eukaryotic organisms (Riechmann et al. 2000) either through gene duplication leading to an increased gene number or through the modulation of other domains present in these proteins, resulting in the formation of new families of TFs.
The acquisition of chloroplasts represents an important step in the evolutionary path that separated plants from animals and fungi. Evidently, new regulatory networks had to be established through evolution to achieve an optimal integration of photosynthetic functions with other cellular processes. TFs and TRs constitute important elements of such networks. Three families of putative TFs predate the split between rhodophyta (red algae) and chlorophyta, i.e., G 2 -like, PLATZ, and RWP-RK. These families appear to be of particular importance for the evolution of eukaryotic photosynthetic organisms, as they are the only plant-specific TFs (with perhaps the exception of G 2 -like, which might also be present in Giardia; see above) that are present in both red and green algae. Both algal groups derived from the original primary endosymbiotic event that led to the establishment of plastids (Reyes-Prieto et al. 2007) . Nine additional families, i.e., ABI3/VP1, AP2-EREBP, ARR-B, C2C2-CO-like, C2C2-Dof, PBF-2-like/Whirly, Pseudo ARR-B, SBP, and WRKY (Table 1) , predate the split between green algae and streptophytes. Plant-specific TF families might have important roles in the control of lightdependent processes and related biochemical pathways such as those involved in sugar production or starch accumulation. TFs of the G 2 -like family (a distinct group within the GARP superfamily of TFs; Rossini et al. 2001) are present in all plants, including red and green algae, and in G. lamblia, suggesting a deep evolutionary origin, but they are not found in animals or fungi. G 2 -like TFs regulate chloroplast development in diverse plant species (e.g., Physcomitrella, Arabidopsis, and Zea mays) through a process that requires a close coordination between plastidial and nuclear genomes. More specifically, GOLDEN 2-like (GLK) TFs are required for correct stacking of thylakoids within chloroplasts, although it is not known in detail how they exert their function in this process. One possible model is that GLKs regulate the transcription of genes encoding thylakoid-stabilizing factor(s) (Yasumura et al. 2005 ). We did not detect the ortholog of GLK in the sequenced Chlamydomonas genome, which is consistent with the fact that chloroplast thylakoid stacking is less advanced in this alga as compared to bryophytes and angiosperms, as previously discussed (Yasumura et al. 2005) . PHOSPHORUS STARVATION RESPONSE1 (PSR1) from Chlamydomonas and its ortholog PHOSPHATE STARVA-TION RESPONSE1 (PHR1) from Arabidopsis encode TFs that control cellular responses to phosphate deprivation (Wykoff et al. 1999; Rubio et al. 2001) . Both proteins were originally thought to be members of the MYB TF family, but subsequently were placed within the GARP superfamily (G 2 -like) (Fitter et al. 2002) . PSR1 targets include genes encoding chloroplast-localized proteins involved in photosynthesis, regulation of gene expression, and other processes (Moseley et al. 2006) . Recently, PSR1 has also been shown to control the accumulation of chloroplast RNA under phosphorous limitation through control of the expression of ribonuclease polynucleotide phosphorylase (Yehudai-Resheff et al. 2007) . Whether the angiosperm ortholog exerts a similar function is currently unknown.
RWP-RK (Figure 1 ) is a TF family present in all green plants, as well as in red algae. It is also present in the early diverging amoebozoa Dictyostelium discoideum and Entamoeba histolytica, but not in animals or fungi, suggesting a deep evolutionary origin. In vascular plants, this family is involved in the regulation of genes in response to nitrogen status and nodule development in legumes (Schauser et al. 1995; Borisov et al. 2003) . In Chlamydomonas, the gene minus dominance (MID; GenBank accession no. U92071; specific to mt À strains and consequently not present in the sequenced strain, i.e., CC-503 cw92 mt 1 ; Goodenough et al. 2007 ) is required for expression of minus-specific gamete-specific genes in response to nitrogen deprivation (Ferris and Goodenough 1997; Lin and Goodenough 2007 ). Another TF in this family, NIT2, is a positively acting regulatory gene of the nitrate assimilation pathway (Camargo et al. 2007 ) (GenBank accession no. DQ311647; this gene is mutated in the sequenced Chlamydomonas strain; Fernandez and Matagne 1984) ; the most similar entry in PlnTFDB is protein ID 195807).
Information regarding SBP TFs, Jumonji, and SET TRs, as well as microRNAs that often control TF genes in angiosperms but appear to be of minor importance in Chlamydomonas, is given in the supplemental text.
Transcription factors involved in hormone signaling: Phytohormones coordinate a vast spectrum of developmental and physiological processes in angiosperms. In contrast, knowledge about the occurrence of hormones in algae and their possible functions in cellular signaling is extremely limited. Some evidence indicates that auxins and cytokinins are present in algae (Tarakhovskaya et al. 2007) , indicating their functional importance early in plant evolution. TF families known to participate in hormone signaling in angiosperms are also found in Chlamydomonas (Table 1) . Recent work on ABSCISIC ACID INSENSITIVE 3 (ABI3) from Arabidopsis has indicated a possible role in cross talk of abscisic acid and auxin response pathways (Brady et al. 2003; Rock and Sun 2005) . A similar observation was made for VP1 from maize, the ortholog of ABI3 (Suzuki et al. 2001) . We observed a single ABI3/VP1 gene in Chlamydomonas, whereas Physcomitrella has 30 ABI3/VP1 genes, and angiosperms have $60-80 (Table 1 ). To our knowledge the role of the ABI3/VP1 gene in Chlamydomonas has not been characterized yet. TFs of the ARR-B and AP2-EREBP families are involved in cytokinin response pathways in angiosperms (Rashotte et al. 2006; Ishida et al. 2008) . We detected one ARR-B gene and 11 AP2-EREBP genes in Chlamydomonas (Table 1 ). The role of these TFs has not been analyzed.
TF families absent from algae: Interestingly, 22 plant-specific TF families and 1 TR family are not present in algae (Table 1) . These families may be related to the acquisition of multicellularity and tissue organization, invasion of the terrestrial environment, and longdistance trafficking. NAC TFs could be identified only from bryophytes onward. Functional studies have shown that several NAC genes play an important role in cell differentiation (Olsen et al. 2005 ). As we did not find any NAC gene in the Volvox carteri genome (not shown), we assume that TFs of this family were not important for establishing multicellularity in this organism.
Orthologs across green plants: The green plant lineage is a monophyletic group, its members having split from the red algal lineage $1142 6 167 million years ago . Tracing gene orthology relations across lineages provides a way to assess, to some extent, the forces driving the functional diversification of multigene families. As reported previously, TF genes in plants have a higher retention rate after duplication than other genes (Seoighe and Gehring 2004; De Bodt et al. 2005) . Additionally, genes functionally related to stress responses tend to undergo a more intense duplication process (Shiu et al. 2004) . Therefore, TF gene families are well suited to trace back important events in evolution.
In our NJ analyses (for examples, see supplemental Figures 2-7) , we have identified 120 clusters of orthologs with 1183 genes in total. Seventy-one of them are conserved in all green plants, and 26 are also common to red algae (see supplemental Table 2 ). Clusters to which functions could be assigned are involved mainly in light perception/response, control of plastidial gene expression, regulation of circadian rhythm, and the transition from the vegetative to the reproductive phase of growing plants (data not shown). Moreover, 38 of these clusters were found to have a one-to-one relationship (they do not possess any paralog inside the same group of orthologs). Such genes tend to exert key biological functions (Shiu et al. 2004) . The greatest number of clusters, i.e., 20, among all green plants is represented by the SWI2/SNF2 gene family that encodes proteins involved in chromatin remodeling and thus the regulation of transcription, replication, and DNA recombination and repair. In plants, some Swi2/Snf2 proteins have been studied (Shaked et al. 2006) , but a detailed functional analysis is missing for most of them. In the RWP-RK family, we found only one PoGO (Figure 1 ) in representatives from all green plants. The position of the C. merolae sequence is not evident from this analysis. In addition, groups of paralogs of Chlamydomonas are shown.
We also made a comparison between the clusters of orthologs obtained by phylogenetic analysis and by the InParanoid-Graph theoretic approach (see supplemental Table 3 ). In total, 446 genes from both classifications overlap, representing 99 of the 120 clusters obtained by the NJ analysis, and 98 of 168 clusters identified by the InParanoid approach (see supplemental Table 4 ). Thus, a large number of clusters was identified irrespective of the detection method used. We computed the Adjusted Figure 1 .-Phylogenetic tree of RWP-RK TFs in plants. We identified one PoGO (PoGO 1) conserved in all green plants, which includes the NIT2 TF (CRE 195807), a regulatory factor of genes involved in the nitrate assimilation pathway. Additionally, there are two possible groups of paralogs (PoGP 1 and PoGP 2) of Chlamydomonas genes. Red, C. merolae (CME); violet, O. tauri (OTA); light green, C. reinhardtii (CRE); light blue, P. patens (PPA); green, A. thaliana (ATH); brown, P. trichocarpa (PTR); gray, O. sativa ssp. japonica (OSAJ). The first three letters of the sequence name indicate the species (the first four letters in the case of OSAJ), and the remaining letters or numbers represent the accession code through which the respective sequence can be retrieved from the PlnTFDB (http:/ / plntfdb.bio.uni-potsdam.de/v2.0).
Rand Index (ar) on the subset of common genes. The obtained value (ar ¼ 0.912) indicates that the composition of the common clusters (gene membership) obtained by both methods is similar.
Evolution of photosynthetic networks: A recent review by Jiao et al. (2007) provides a good backbone for comparison of the light-regulated transcriptional networks of angiosperms and Chlamydomonas. The perception of light signals in dicots occurs through three cryptochromes and two phototropins, for which we found orthologs in Chlamydomonas (see supplemental Table  5 ). In contrast, phytochromes involved in the absorption of red and far-red light do not have homologs in green algae, consistent with previous findings (Mittag et al. 2005) . One putative ortholog of the angiosperm bZIP protein COMMON PLANT REGULATORY FACTORS 1 (CPRF1), CMJ034C, was found in the red alga Cyanidioschyzon, although with a low InParanoid confidence score. The same Cyanidioschyzon protein is also orthologous to G-BOX BINDING FACTOR 1 (GBF1), suggesting subfunctionalization of the original multifunctional algal gene during angiosperm evolution; however, more detailed analyses are required to substantiate this hypothesis. GBF1 is phosphorylated by CASEIN KINASE II (CKII), which allows it to bind to target promoters containing the G-box, a well-defined light-response element. We found a putative CKII ortholog in Chlamydomonas, suggesting that light-dependent post-translational protein modification of the GBF1 ortholog was established early in plant evolution. Another important regulatory mechanism is the ubiquitin-mediated degradation of the bZIP TF ELONGATED HYPOCOTYL 5 (HY5) that is triggered by CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and its associated protein PHYTOCHROME A SUP-PRESSOR 1 (SPA1). Both HY5 and SPA1 orthologs were found in green algae (see supplemental Table 5 ), whereas COP1 has so far been found only in red algae. As the bZIP degradation mechanism triggered by COP1 is conserved throughout the plant kingdom (Yi and Deng 2005) , one might speculate that COP1 is also present in Chlamydomonas. In summary, most of the components of the light-regulated transcriptional networks are shared between Chlamydomonas and seed plants, although phytochromes are missing in green algae. PHYTOCHROME INTERACTING FACTOR (PIF) TFs represent a subgroup of the bHLH family in angiosperms. No PIF ortholog could be found in Chlamydomonas. In addition, most other factors that are directly involved in phytochrome activity in land plants, such as FHY3, FAR1, HFR1, ATHB4, and PAR1, are absent from Chlamydomonas (see supplemental Table 5) .
Conclusions: We have identified 147 putative TFs and 87 putative TRs in Chlamydomonas. Three TF families predate the rhodophyta-viridiplantae divide, while nine more of the TF families predate the chlorophytastreptophyta divide and diversified further in bryophytes and angiosperms. However, we also observed that 22 plant-specific TF and 1 plant-specific TR family were not present in algae, highlighting their importance for the evolution of multicellular plants. Many of the elements of light-regulated transcriptional networks known from bryophytes and angiosperms are also present in Chlamydomonas, indicating an early evolutionary origin. Exceptions are elements of the phytochromemediated signaling pathways that are missing in algae. Our analysis provides a basis for further experimental studies on Chlamydomonas transcriptional regulators.
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